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Abstract Thirty-nine trace elements of the Song-Yuan
period (960-1368 AD) porcelain bodies from Cizhou, Jizhou
and Longquanwu kilns were analyzed with ICP-MS, a tech-
nique rarely used in Chinese archaeometry, to investigate its
potential application in such studies. Trace element composi-
tions clearly reflect the distinctive raw materials and their
mineralogy at the three kilns and allow their products to be
distinguished. Significant chemical variations are also ob-
served between Yuan and Song.Jing dynasties samples from
Cizhou as well as fine and coarse porcelain bodies from
Longquanwu. In Cizhou, porcelains of better quality which
imitate the famous Ding kiln have trace element features
distinctive from ordinary Cizhou products, that indicates
geochemically distinctive raw materials were used and which
possibly also underwent extra refining prior to use. The
distinct trace element features of different kilns and the
various types of porcelains from an individual kiln can be
interpreted from a geochemical perspective. ICP-MS can
provide a large amount of valuable information about an-
cient Chinese ceramics as it is capable of analyzing >40 ele-
ments with a typical of precision < 2%.
Keywords: Cizhou kiln, Jizhou kiln, Longquanwu kiln, Ding kiln,
ancient ceramics, Chinese Song-Yuan period, trace elements, ICP-
MS.
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Chemical analysis plays a significant role in the
study of ancient ceramics[1,21. Most ancient Chinese kilns
used clays mined from the local areas and differences in
the geochemistry and mineralogy of these raw materials
may be expected. The chemical composition of ceramics
may also be influenced by production techniques, such as
processing by washing and mixing of different sorts of
raw materials. These may also vary from kiln to kiln and
even change over time. Thus the raw materials and pro-
duction techniques used by a kiln may give its fmished
products a characteristic chemical signature allowing their
provenance and possibly even their age to be deter-
mined[3,41.
Among the analytical methods commonly used for
ancient Chinese ceramics are neutron activation analysis
(NAA) [51, X-ray fluorescence (XRF)[61 , and proton-
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induced X-ray emission (PIXE)[71. Compared with other
techniques, inductively coupled plasma mass spectrome-
try (ICP-MS) is relatively new and particularly advanta-
geous in trace element analysis. It is capable of simulta-
neously and rapidly analysing over 40 elements with high
precision and accuracy, and with excellent detection limits.
Only a small amount of sample is required (1 (}--l00 mg)
for solution analysis, and sample preparation is relatively
simple[81. It is being applied more commonly in western
countries for the study of ancient ceramics[91, yet has only
very rarely been used in Chinese archaeometric research[101.
As the trace element compositions of raw materials
are likely to be more variable than their major elements,
the large number of trace elements that can be determined
by ICP-MS increases the likelihood of finding distinctive
chemical signatures in kiln products. Here we demonstrate
this advantage in a study of ceramics produced at three
ancient Chinese kilns.
1 Samples
We have analysed the bodies of 58 porcelain shards
from Jizhou, Cizhou and Longquanwu kilns, which were
very important producers of white and black porcelains
during the Chinese Song-Yuan period (96(}--1368 AD).
11 shards are from Jizhou kiln (located in Ji' an City,
Jiangxi Province) and have external black glaze[11]. 24
white glazed shards are from Lonquanwu kiln (located in
Mentougou, Beijing, Hebei Province) and these can be
classified as either coarse or fine according to the grain
size, porosity and number of visible quartz grains of the
porcelain bodies[12,131. 23 Cizhou shards are from the
Guantai production centre in Cixian County, Hebei Prov-
ince. These have either white or black external glazing.
Cizhou porcelains from Guantai are divided into four
periods based on archaeological-stratigraphic and mor-
phological information[141. The four periods are approxi-
mately equivalent with the early and mid Northern Song
Dynasty, late Northern Song to early Jin Dynasty, mid to
late Jin Dynasty, and Yuan Dynasty, respectively. 5 shards
are from periods 1 and 4, 10 from period 2 and 3 from
period 3.
During the Song-Yuan period porcelains from differ-
ent kilns often look similar due to a tendency to imitate
products from other kilns, thus making it difficult to iden-
tifY their place of origin. For example, the bodies of most
Cizhou porcelains are thick, coarse and dark in colour, and
are ordinary goods for a popular market. However, among
Cizhou products is a specific type of porcelain of exqui-
site workmanship whose bodies are overall thinner and
finer and, for those covered with a white glaze, also much
whiter than the bodies of the ordinary Cizhou products.
These are imitations of the products of the contemporary
Ding kiln in Quyang County, Hebei Province which are
famous for their exquisite workmanship and thin, fine and
white porcelain bodies[151. Among our analysed Cizhou
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samples are 5 white glazed mutation Ding porcelains,
which belong to Guantai period 2. The Ding kiln also
heavily influenced the Longquanwu kiln while the influ-
ences of both the Cizhou and Ding kilns reached as far as
the Jizhou kiln[16,17].
2 Analytical methods
The glaze of the porcelain shards was completely
removed by grinding on a diamond lap. The porcelain
bodies were cleaned with 18.2 megaohm water in an ul-
trasonic bath and then dried. Approximately 50-100 mg
of each sample were weighed and digested with distilled
HF and RN03 acids using high pressure teflon bombs in
an oven at 180'C for 60 h to ensure dissolution of all
minerals, particularly refractory minerals such as zircon.
The samples were then dried down and redissolved in
distilled HCI in the oven at 180'C overnight. The solu-
tions are transferred to a polystyrene tube and centrifuged.
Any remaining solids are transferred back to the bombs
and dissolved in HCI overnight in the oven. If dissolution
is complete the solutions are combined and dried down
and the sample converted to nitrates by twice adding
RN03 and drying down. Other sample preparation and
analytical procedures used are identical to those ofEggins
et al.E8], except that Tm was not used as an internal stan-
dard and W-2, an international rock standard, was used as
the calibration standard. Our preferred concentrations for
W-2 are shown in Table 1. The accuracy and precision of
our technique can be assessed from the measured concen-
trations and relative standard deviations for rock standards
BHVO-l (an average of 203 analyses of 54 digestions
analysed over five years) and G-2 (an average of 9 ana-
lyses of 3 digestions) which are shown in Table 1. The
samples were analysed with a Fisons PQ2+ ICP-MS at the
Advanced Centre for Queensland University Isotope Re-
search Excellence (ACQUIRE).
3 Results and discussion
ICP-MS results of 39 trace elements for representa-
tive samples are shown in Table 1 and the variations of
selected elements for all 58 analysed samples are illustrat-
ed in Fig. 1.
Table 1 and Fig. 1 demonstrate that porcelain bodies
from Cizhou, Longquanwu and Jizhou have distinctive
concentrations ofnumerous trace elements (eg. Sr, Ba, Rb,
W, Ta, Nb, Be, U, Li) and element ratios (Nb/Ta, Y/Ho),
which allow products from one kiln to be distinguished
from one or more of the other kilns. These differences
reflect the distinctive mineralogy and geochemistry ofthe
raw materials used at the three kilns. Longquanwu porce-
lains are distinct from the other kilns due to their very
high and very variable Sr concentrations and low Rb/Sr
ratios ofless than 0.5. They also have high Ba contents
and some samples have Eu/Eu* > 1 indicating that they
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Fig. 1. Comparison of trace elements of all porcelain body samples from Cizhou, lizhou and Longquanwu. Square: Cizhou, triangle: lizhou, cross:
Longquanwu. Eu/Eu' is a measure of Eu anomalies on chondrite-nonnalized REE diagrams. Values greater than 1 indicate a positive anomaly while
values less than 1 indicate a negative anomaly.
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have positive Eu anomalies on chondrite-normalized rare
earth element (REE) diagrams (Fig. 1). Very high Sr con-
centrations and positive Eu anomalies are not typical of
naturally formed clay minerals, and suggest that feldspar
was added to the clay during production, a suggestion also
made by Chen et al. based on petrographic observations
and the high Na content of Longquanwu porcelains[18].
During crystallization feldspar preferentially incorporates
Eu into its structure relative to neighbouring REE and it
can also have high Sr and Ba contents. The low Sr, Ba and
Rb contents of Cizhou samples can be related to the use of
the clay abundant in the Cizhou area, which is dominated
bykaolinite[19], a mineral expected to be low in Rb, Sr and
Ba contents. In contrast, Jizhou porcelain stone (cishi) or
weathered porcelain stone was used for the porcelain
bodies[20--22], which is dominated by sericite[23], a type of
mica typically rich in Rb and Ba but low in Sr contents,
which causes the high Rb and Ba and low Sr contents of
Jizhou porcelains.
Apart from the distinctive trace element signatures of
the three kilns, dfferences in trace element features are
also observed within porcelain groups from one individual
kiln. Longquanwu samples with coarse bodies (lqw-c)
tend to have higher Rb, W, Y and REE contents and lower
Sr and Li contents and La/Yb and Eu/Eu* ratios than tho-
se with fme bodies (lqw-f, Table 1). This is consistent
with previous observations that fine and coarse bodied
Longquanwu porcelains have different major and minor
element features such as in Al and Fe contents[13].
Previous EDXRF and WDXRF major and trace ele-
ment analysis of Cizhou porcelains have shown that imi-
tation Ding porcelain bodies have lower Fe and Ti con-
tents than ordinary Cizhou products. It was proposed that
higher degrees ofrefming of the raw material were carried
out when producing imitation Ding bodies than for ordi-
nary products and that this would cause a decrease in the
content of ferrous mineral particles and Fe contents and
hence improve the whiteness of the bodies[24,25]. More
refming may also remove more coarse fractions of miner-
al particles such as quartz and other impurities and
achieve a porcelain body fmer grained than ordinary
products. Our ICP-MS analyses confirm that imitation
Ding porcelain bodies (gt-bl - gt-b3, Table 1) do have
lower Ti, but that they also have markedly lower contents
of Sc, V, Ni, Cr, U and W and higher La/Yb and Nb/Ta
than ordinary Cizhou products (Fig. 2). Sometimes the
contrast between these Cizhou sub-groups even exceeds
that between Jizhou or Longquanwu porcelains and ordi-
nary Cizhou products.
Heavy Fe and/or Ti rich minerals such as magnetite,
ilmenite and rutile are likely to preferentially host transi-
tion elements such as Sc, V, Ni and Cr as well as Nb and
Ta, but exclude REE. Thus, removal of these mineral
phases due to extra refming would also cause a decrease
in Nb, Ta and transition element contents as well as in Fe
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and Ti contents, while La/Yb ratios would not be affected.
In addition, the Nb/Ta ratio of the more refined product
would be expected to also remain unchanged or perhaps
decrease. As imitation Ding bodies actually have much
higher Nb/Ta and La/Yb ratios and either the same or
higher Nb contents compared to ordinary Cizhou bodies
(Table 1), greater refining of the raw material used to
make ordinary Cizhou products by removal of Fe and/or
Ti rich minerals will not produce the compositions of
imitation Ding bodies. Therefore we suggest that the raw
materials used for imitation Ding porcelain bodies are
geochemically distinct from those used for ordinary Ciz-
hou products. Presumably a different source of raw mate-
rials more suitable for producing the high quality imita-
tion Ding products was selected. This would enable fine
quality porcelains to be produced without drastic increases
in production costs that excessive refining would cause.
Our ICP-MS analysis also detects subtle differences
between ordinary Cizhou products from period 4 (gt-d)
and periods 1-3 at Guantai (Fig. 2). Excluding the imita-
tion Ding porcelains, ordinary Cizhou products from pe-
riod 4 (Yuan Dynasty) tend to have lower contents of Ti,
Cr, Zr, Hf, Th, Nb, and Ta and are higher in Rb, Ba and
total REE contents than those from periods 1-3 (gt-a to
gt-c, Table 1). The ordinary products from the first three
periods (Northern Song and Jin Dynasties) are not readily
distinguished. Such trace element characteristics are a
reflection of the temporal change in the development his-
tory of porcelain production at Guantai. Whilst there are
not significant quality changes in bodies of ordinary
Guantai porcelains from the first three periods, period 4
saw the obvious decline of porcelain production at Guan-
tai. With an evident decrease in overall product quality,
the porcelain bodies became noticeably coarser. In view of
this observation, ICP-MS trace element compositions may
potentially assist in dating ceramics. Apart from the white
imitation Ding porcelains, no noticeable trace element
differences are observed between the ordinary Cizhou
products with a white or black glaze. This indicates that
there was not much difference between the raw materials
for ordinary Cizhou porcelains of white or black glaze, as
also observed in previous studies[26].
4 Conclusions
The 39 trace elements from ICP-MS analyses of
porcelain bodies from Cizhou, Jizhou and Longquanwu
provide a large amount ofvaluable information concern-
ing the provenance, raw materials and their sources, pro-
duction technology and dating of these ceramics. With
other analytical methods, many ofthe elements and ratios
that distinguish different Cizhou products are difficult or
impossible to analyse (eg. W, Nb/Ta, U). Capable of ana-
lysing a large number of elements with high precision and
accuracy, ICP-MS is a promising method for ancient
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